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Abstract
Hepadnaviral reverse transcription occurs in capsids in which the core (C) protein surrounds the reverse transcriptase (P) and pregenomic
RNA (pgRNA). We analyzed the accumulation patterns of duck hepatitis B virus P, C, and pgRNA in transfected LMH cells, infected
primary duck hepatocytes (PDH), and infected duck liver. In all three systems, P accumulated over time in a different pattern compared with
C, despite translation of both proteins from the pgRNA. Although the accumulation patterns of the proteins varied between the systems, in
each case P became detectable at the same time or earlier than C and the ratio of P relative to C dropped with time. These accumulation
patterns were consistent with the translation rates and half-lives of P and C. Comparing the translation rates of P and C with the pgRNA
level over time revealed that translation of P and C was negatively regulated in LMH cells. These data provide a framework for comparing
replication studies performed in LMH cells, PDHs and ducks.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Hepadnaviruses are small DNA-containing viruses that
replicate by reverse transcription (Ganem and Schneider,
2001). In addition to human hepatitis B virus (HBV), hep-
adnaviruses are found in woolly monkeys, rodents, and
birds (Sprengel, et al., 1988; Schoedel et al., 1989) (Lanford
et al., 1998). Hepadnaviruses share a high degree of hepa-
totropism, are highly species-specific, employ the same rep-
lication cycle, and share a nearly identical genetic organi-
zation. These viruses have an envelope studded with viral
glycoproteins that surrounds an icosahedral core particle.
The shell of the core particle is formed from the viral core
protein (C), and it contains the viral nucleic acids and
reverse transcriptase (P). Reverse transcription occurs
within cytoplasmic core particles (Summers and Mason,
1982).
Core particle formation begins with binding of P to a
stem–loop () at the 5 end of the pgRNA (Bartenschlager
et al., 1990; Hirsch et al., 1990; Junker-Niepmann 1990).
This complex is then encapsidated through polymerization
of 120 dimers of C around it (Crowther et al., 1994; Bott-
cher et al., 1997). Expression of the three viral products
needed for encapsidation (pgRNA, C, and P) is closely
linked because the pgRNA is also a bicistronic mRNA that
encodes C and P (Ou et al., 1990; Lin and Lo, 1992; Fouillot
and Rossignol, 1996; Hwang and Su, 1999). C is translated
by standard mechanisms from the 5 open reading frame
(ORF) on the pgRNA. The P ORF overlaps the 3 half of the
C ORF, yet despite this unusual genetic organization, P is
translated by de novo initiation from its own AUG codon
(Chang et al., 1989; Schlicht et al., 1989).
The accumulation patterns of P, C, and the pgRNA
govern the kinetics of encapsidation and, hence, contribute
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significantly to the overall rate of virus production. C levels
rise steadily over the first few days of viral replication, but
the accumulation pattern of P is uncharacterized because a
lack of suitable antibodies has prevented direct analysis of P
in cells. We generated anti-duck hepatitis B virus (DHBV)
P antibodies and used them to demonstrate that P accumu-
lates in the cytoplasm to easily detectable levels in cultured
cells and duck liver (Yao et al., 2000). We recently analyzed
the biosynthesis and degradation rates of P and C in LMH
chicken hepatoma cells (Yao and Tavis, 2003). We found
that C is continually synthesized and that its half-life is
unmeasurably long in LMH cells. P was found to be trans-
lated unanticipatedly rapidly, to be encapsidated ineffi-
ciently, and to have a very short half-life (25 min at Day 1
and 15 min at Day 3). These studies examined only the
translation and degradation rates of P, so the accumulation
pattern of P in cells and infected liver over time remains
unknown.
Here, we characterize the accumulation patterns of P, C,
and the pgRNA over the first few days of expression. These
results establish for the first time the interplay of these three
essential viral components and reveal that, at least in LMH
cells, accumulation of P and C is negatively regulated at the
translational level.
Results
Time frame of capsid assembly in LMH cells
We wish to understand the accumulation patterns of P, C,
and the pgRNA in the context of capsid assembly. We first
established the time frame of core particle assembly in
LMH cells transfected with the DHBV expression construct
D1.5G. LMH cells are chicken hepatoma cells that produce
infectious DHBV when transfected with constructs such as
D1.5G (Condreay et al., 1990). This system is used to study
DHBV replication in vitro because there are no cell lines
infectable with DHBV.
LMH cells were transfected with D1.5G and 1 and 3 days
later core particles were isolated. Core particles were de-
tected using the endogenous polymerase reaction, which
measures incorporation of radioactive nucleotides into the
gapped viral DNA within cores. Low levels of core particles
were detected at Day 1 posttransfection (Fig. 1A, lane 1).
These cores were relatively immature because only 14% of
the incorporated label was in the mature relaxed circular
form. By Day 3 posttransfection, the total label incorporated
into the DNA increased 10-fold and a larger proportion of
the core particles were mature (48% relaxed circular DNA).
Therefore, core particle assembly begins shortly before Day
1 posttransfection and intracellular core particle levels rise
10-fold by Day 3 posttransfection in LMH cells.
Differential accumulation of P and C in LMH cells
We next examined accumulation of P and C during the
initial phase of viral replication in LMH cells. Duplicate
LMH plates for each time point were transfected with
D1.5G, cells were lysed on Days 0.5 to 4 posttransfection,
the duplicate lysates were pooled, and levels of P and C
were determined by Western analysis of equal volumes of
lysates. C was undetectable at Day 0.5 (data not shown), it
was present at a low level on Day 1, and its level increased
through Day 4 (Fig. 1B, lanes 3–6). P accumulation became
detectable at Day 0.5 (not shown), peaked at Day 1, de-
clined sharply by Day 2, and then declined more slowly
Fig. 1. Core particle and C- and P-protein accumulation in LMH cells. (A)
Core particle accumulation. DHBV core particles were isolated from trans-
fected LMH cells at Days 1 and 3 posttransfection by detergent lysis and
sedimentation through a sucrose gradient. Lane 3 contains material from
mock-transfected cells. DNAs within the particles were detected by the
endogenous polymerase reaction. RC, mature relaxed-circular DNA; SS,
immature single-stranded DNA. (B) C and P accumulation. Transfected
LMH cells were lysed in 0.75  RIPA at Days 1, 3, and 4 posttransfection
and C and P proteins were detected from equal volumes of lysate by
Western analysis. C was detected as a doublet due to phosphorylation of a
portion of the molecules. Lane 1 contains proteins from a core particle
preparation similar to that used in (A), lane 2 contains material from
mock-transfected cells, and lane 6 contains material from cells transfected
with a core-deficient DHBV expression construct.
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through Day 4 (Fig. 1B, lanes 3–6). Quantitation of five
such experiments revealed that the level of P at Day 3 was
21  7% the amount present at Day 1 and that the C level
at Day 3 was 564  13% of the level measured on Day 1.
These changes reduced the amount of P relative to the
amount of C [the relative P:C ratio, (Pd3/Pd1)/(Cd3/Cd1)] to
0.041  0.03, indicating that the amount of P relative to C
fell approximately 24-fold between Days 1 and 3.
These experiments detect all of the C in cells, but they do
not detect all of the P in cells because P molecules that have
been encapsidated and synthesized significant amounts of
DNA are covalently bound to large DNA molecules and,
hence, do not migrate with non-covalently bound P during
electrophoresis. Approximately 9% of the total P in LMH
cells at Day 3 posttransfection is nondetectable due to co-
valent linkage to DNA (Yao et al., 2000). Therefore, our
measurements of the total amount of P in cells by Western
analysis at later times when encapsidation and DNA syn-
thesis are well established may be 10% low.
These data indicate that the accumulation pattern of P
differed greatly from the accumulation pattern of C during
the first few days of expression in LMH cells. We therefore
quantitatively examined synthesis of P, C, and the pgRNA
to understand the molecular basis for this accumulation
difference between two proteins translated from a common
mRNA.
pgRNA accumulation in LMH cells
We measured changes in pgRNA levels to determine
how mRNA accumulation contributes to P and C accumu-
lation. LMH cells were transfected with D1.5G, and 1, 2,
and 3 days later whole-cell RNA was isolated and the
pgRNA was detected by Northern analysis of RNA from
equal fractions of the cultures (Fig. 2). We were unable to
find any novel mRNAs in LMH cells that could contribute
to the unanticipatedly high accumulation of P early after
transfection. Quantitation of the Northern blots revealed that
the pgRNA levels dropped slightly in the cultures from Day 1
to Day 3 posttransfection [101 24% and 78 10% at Days
2 and 3, respectively, relative to Day 1 (Fig. 3A)]. This decline
would affect the synthesis rates of both P and C.
Translational regulation of the pgRNA in LMH cells
We estimated the translation rates of P and C at Days 1
and 3 posttransfection to determine if they changed with
time. This was done by radiolabeling transfected cells for a
short time relative to the half-life of P or C and measuring
the radioactivity incorporated into the proteins. For P, we
transfected LMH cells with D1.5G and labeled the cells
with [35S]methionine/cysteine for 15 min. The cells were
immediately lysed, P was immunoprecipitated, and radio-
activity in P was determined by phosphorimage analysis.
Because the half-life of P is very short, much of the labeled
P degraded even during this brief labeling period. There-
fore, the total amount of P synthesized during the labeling
Fig. 3. Translational regulation of P and C. The relative P and C translation
rates were estimated by briefly labeling the cells with [35S]methionine/
cysteine, immunoprecipitating P or C from equal fractions of the cultures,
and measuring 35S in P or C by phosphorimage analysis. All values are
relative to their value on Day 1; error bars indicate  1 SD. (A) Relative
translation rates of P and C compared with pgRNA levels. (B) Relative
translation rates at Day 3 of P expressed from wild-type and encapsidation-
deficient (-dlBulge) genomes.
Fig. 2. Pregenomic RNA levels and P and C translation rates over time.
LMH cells were transfected with D1.5G and at Days 1, 2, and 3 posttrans-
fection. pgRNA levels were measured by Northern analysis of whole-cell
RNA from equal fractions of the cultures. The 18S RNA levels are shown
as a loading control.
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period was calculated based on the half-life of P and the
radioactivity detected in P by immunoprecipitation as de-
scribed (Yao and Tavis, 2003), and the Day 2 and Day 3
translation rates were normalized to the Day 1 value. Rel-
ative to the translation rate for P at Day 1, the rate at Day 2
was 34.5  9.8%, and at Day 3 it was 17.1  3.4% (Fig.
3A). Similar experiments were performed for C (the label-
ing period was 60 min and no correction for degradation
was performed because C is stable in LMH cells). The C
translation rate dropped to 68.5  10.6 and 28.2  5.6% at
Days 2 and 3, respectively, relative to the rate at Day 1 (Fig.
3A).
The translation rates of P and C dropped much more than
did the pgRNA level between Days 1 and 3 posttransfection
(Fig. 3A), implying that translation of the pgRNA may be
regulated. However, not all the pgRNA in a cell can be
translated because encapsidated pgRNA is sequestered
within core particles, where it is inaccessible to ribosomes.
Approximately 50% of the pgRNA in LMH cells is within
capsids at Day 3 posttransfection (Pollack and Ganem,
1994; Hirsch, et al., 1990), and the proportion of the pgRNA
that is encapsidated changes with time because capsids
begin to assemble in LMH cells shortly before Day 1 post-
transfection, but by Day 3 encapsidation is well established
(Fig. 1). This reduction in the amount of free pgRNA due to
encapsidation could contribute to the decline in the P and C
translation rates between Days 1 and 3. To test this possi-
bility, we compared the decline in the P translation rate from
wild-type DHBV and the encapsidation-deficient DHBV(-
dlBulge). At Days 1 and 3 posttransfection LMH cells were
briefly labeled with [35S]methionine/cysteine, P was imme-
diately immunoprecipitated, and the radioactivity in P was
quantitated. There was no significant difference in the de-
cline in the P translation rate from the encapsidation-com-
petent and encapsidation-incompetent genomes (22.6  2.7
and 19.2  9.0%, respectively; Fig. 3B). Therefore, the
reduction in the translation rate of P between Days 1 and 3
posttransfection was not due to sequestration of the pgRNA
into capsids, and hence translation of P (and possibly C)
from the pgRNA is negatively regulated in LMH cells.
Changes in P and C levels are independent of other viral
proteins
To determine if other viral proteins modulate P and C
accumulation, LMH cells were transfected with D1.5G or
its derivatives in which translation of various genes was
ablated. At Days 1 and 3 posttransfection, duplicate plates
for each construct were lysed, the paired lysates were
pooled, and P and C levels were measured by Western
analysis from equal volumes of the lysates (Fig. 4). Note
that the absolute levels of P and C for a given day cannot be
compared between constructs because the figure is a com-
posite of multiple experiments. The anti-C antibodies also
detect a cellular protein (Fig. 1B, lane 6) that on some gels
comigrated with C (Fig. 4 lane 2). This band increased in
intensity in Fig. 4 between Days 1 and 3 because LMH cells
grow rapidly, and since the gels were loaded with equal
volumes of lysates, there was more protein in the Day 3
samples than in the Day 1 samples. This band was quanti-
tated from mock transfected samples obtained on Days 1
and 3 and its value was subtracted from the C values in all
calculations for determining the relative changes of C over
time.
Ablating the surface antigens (lanes 5–10) did not ap-
preciably affect the accumulation patterns of P and C (Fig.
4). Truncating the C ORF (dlCore, lanes 11 and 12) or
expressing P directly from the CMV promoter (CMV-DPol,
lanes 17 and 18) did not detectably alter the P accumulation
pattern. This indicates that C and the e-antigen (a secreted
protein encoded by an amino-terminal extension of the C
ORF) do not regulate P accumulation. Furthermore, trun-
cating P did not affect the accumulation pattern of C (P-OF,
lanes 13 and 14). Finally, we deleted the bulge of  on the
pgRNA to block P:pgRNA binding and encapsidation. The
dlBulge mutation had no detectable effect on the accumu-
lation pattern of P or C (dlBulge, Fig. 4, lanes 15 and 16).
These data indicate that the general patterns of P and C
accumulation (e.g., a decline in P levels and an increase in
C levels) are independent of the other viral proteins, binding
of P to , and encapsidation (dlBulge, P-OF, and dlCore are
all encapsidation defective). They do not preclude more
subtle effects on the accumulation patterns.
Accumulation of P and C in infected PDH
The unusual accumulation patterns of P and C in LMH
cells led us to examine their accumulation during infection
of primary duck hepatocytes (PDH). PDH were infected
with DHBV, neutralizing anti-DHBV serum was added to
the medium to prevent intercellular spread of the virus, and
at Days 1–7 postinfection cells were lysed in 2X Laemmli
loading buffer. P and C levels were quantitated from equal
volumes of lysates by Western analyses. P became detect-
able on Day 2 postinfection and C became detectable on
Day 3 postinfection. Note that P detected from duck cells is
detected as multiple bands, presumably due to posttransla-
Fig. 4. Effect of viral proteins on C and P accumulation. LMH cells were
transfected with the indicated constructs and 1 and 3 days later cells were
lysed in 0.75  RIPA. P and C were detected from equal volumes of the
lysates by Western analysis. The absolute levels of P and C for a given day
cannot be compared between constructs because the figure is a composite
of multiple experiments.
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tional modification (Yao et al., 2000). Levels of P and C
climbed through Day 7 postinfection (Fig. 5A), but their
accumulation patterns were different (Fig. 5B). P levels rose
linearly (correlation coefficient  0.963), whereas C levels
rose exponentially (correlation coefficient  0.992). C lev-
els rose 73-fold and P levels rose 29-fold between Days 3
and 7. This reduced the relative P:C ratio to 40% of its
original value over this period.
Accumulation of P and C in infected ducks
We next measured accumulation of P and C in the early
phases of infection in ducks. Newly hatched ducklings were
infected with DHBV and at Days 2, 4, 7, 11, and 16
postinfection DHBV titer in the serum was measured by
dot-blot hybridization and P and C levels in liver extracts
were determined by Western analysis. The viral titer at Day
2 postinfection was 1.72  108 genome equivalents
(g.e.)/ml (Fig. 6A). Viremia rapidly increased, peaking at
6.06  1010 g.e./ml on Day 11 postinfection before declin-
ing to 1.71  109 g.e./ml by Day 16. Little P or C was
detected in liver tissue at Day 2 postinfection (Fig. 6B, lane
1), but by Day 4 P and C were both easily detectable (lanes
2 and 3). P levels were reasonably constant between Days 4
and 7 while C levels rose over this period. The levels of both
proteins declined on Days 11 and 16 (lanes 4 and 5),
presumably due to an immune response that stopped the rise
in viremia on Day 11. P and C levels were quantitated and
plotted relative to their levels detected on Day 4 (Fig. 6C).
P declined more than did C between Days 4 and 16 (to
12.8% for P versus 50% for C), and hence the relative P:C
ratio dropped to 26% of its original value over this period in
infected duck liver.
Discussion
P and C accumulated in different patterns in LMH cells,
PDH cells, and ducks (Figs. 1, 4, and 5). However, in each
case P became detectable earlier or at the same time as C,
and more P was detected relative to C at earlier times
compared with later times. These accumulation patterns
were consistent with the translation and decay rates of P and
C we recently determined in LMH cells (Yao and Tavis,
2003). Because capsids have a specific ratio of P, C, and the
pgRNA, these data imply that the kinetics of encapsidation
probably vary between the three experimental systems, es-
pecially at early time points. Transfection of LMH cells is
the system most widely used to study DHBV replication,
and therefore understanding these expression patterns is
important for extrapolating results obtained in LMH cells to
systems that support a true infection.
Although the ratio of P to C dropped over time in
transfected LMH cells, infected PDH cells, and infected
duck liver, the pattern and magnitude of the changes in P
and C levels varied greatly. Much of this difference can be
explained by differences in how the DHBV transcriptional
template accumulates in the three systems. In transfected
LMH cells, a large number of transcriptional templates are
delivered to the cells nearly simultaneously, resulting in
robust early expression that is nearly synchronous. As the
cultures age, the plasmid DNA template is gradually lost,
reducing the pgRNA level over time. In contrast, infected
PDH cells receive only a few copies of the viral genome,
and because hepadnaviral infection in culture is fairly inef-
Fig. 5. C and P accumulation in infected PDH. PDH were infected with
DHBV and at the indicated days whole-cell lysates were prepared and P
and C were detected by Western analysis of equal amounts of extracted
protein. P is detected as a doublet from duck cells, presumably due to
extensive posttranslational modification (Yao et al., 2000). (A) C and P
accumulation. C and P were detected by Western analysis of cell lysates.
Lane 1 contains lysate from mock infected cells at Day 7, and lanes 2–6
contain lysates from infected cells. (B) Quantitation of the Western blots.
The samples in (A) were quantitated and plotted. Values are in arbitrary
units.
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ficient and slow, protein expression may not be as synchro-
nous. However, the cccDNA transcriptional template accu-
mulates within cells through the experiment due to
intracellular recycling (Tuttleman et al., 1986), resulting in
net increases of P and C levels. The rise and fall of P and C
levels in infected duck liver are consistent with the spread of
the virus through the liver and its suppression by the im-
mune system. The lesser magnitude of the decline in the P:C
ratio in liver relative to LMH cells is at least in part due to
the dynamic infection in the liver, with multiple rounds of
infection as the virus spreads. Even at Day 4 postinfection
the liver sample contained a mixture of cells that were
recently infected and other cells that had been infected for
several days. This mixture would diminish the magnitude of
the change in the ratio of P to C in liver and lengthen the
time needed to observe the decline, even if the drop in the
ratio in an individual cell were as great as observed in
cultured cells.
Translational regulation of the pgRNA was revealed be-
cause the P and C translation rates fell much faster than the
pgRNA concentration (Fig. 3A). This was most obvious on
Day 2 posttransfection, where the pgRNA level was un-
changed from Day 1, yet the C translation rate dropped to
68% relative to Day 1 and the P translation rate dropped to
34% (Fig. 3A). If pgRNA concentration were the sole de-
terminant of the translation rates, then the C and P transla-
tion rates would have been unchanged at Day 2 posttrans-
fection and would have fallen only modestly on Day 3. The
decline in the P translation rate was not due to sequestration
of the pgRNA into capsids because the drop in the P trans-
lation rate was the same for encapsidation-competent and
encapsidation-incompetent pgRNA molecules (Fig. 3B).
Because the P translation rate fell faster than the C transla-
tion rate (Fig. 3A), translation of the two ORFs on the
pgRNA may be differentially regulated.
Accumulation of P in LMH cells was negatively regu-
lated in three ways: the decline of the pgRNA levels, the
translational mechanism(s) discussed above, and a reduc-
tion of its half-life. The decline in pgRNA levels was prob-
ably due to the loss of the plasmid transcriptional template
in transiently transfected cells. This would affect both P and
C, but the intracellular concentration of P would change
more rapidly than that of C because of its much more rapid
degradation rate. The mechanism of the drop in the half-life
of P from 25 to 15 min between Days 1 and 3 posttrans-
fection (Yao and Tavis, 2003) is unknown.
Our data do not reveal if the mechanisms that limit P
levels in LMH cells also function in PDH or duck liver.
However, because the ratio of P to C dropped with time in
infected PDH and duck liver, they may operate during a
natural infection. If so, we speculate that their role would be
to limit P accumulation after cccDNA levels reached steady
state. Similarly, the drop in the C translation rate (Fig. 3A)
would limit C accumulation in cells with an established
infection. Limiting levels of P and/or C may be important in
regulating encapsidation, limiting cytological damage that
could possibly occur from excessive accumulation of P or
C, controlling the level of virus produced, or reducing the
immune response to DHBV by limiting the amount of P or
C antigens available for presentation to the immune system.
Fig. 6. C and P accumulation in infected ducks. Ducklings were infected
with DHBV, and at Days 2–16 postinfection serum viremia was deter-
mined by dot-blot hybridization and C and P levels were determined by
Western analysis of liver extracts. (A) Serum viremia in genome equiva-
lents (g.e.). (B) C and P accumulation. C and P were detected by Western
analysis of equal amounts of protein from liver extracts. A stained section
of a duplicate gel is shown as a loading control. (C) Quantitation of the
Western blots. The samples in (B) were quantitated, and the P and C values
were normalized to their values at Day 4 (set to 1.0), and plotted.
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Materials and methods
Virus and DNA constructs
Duck hepatitis B virus type 3 [DHBV3 (Sprengel et al.,
1985)] was employed. D1.5G is an overlength DHBV3
expression construct containing a 5 duplication of nucleo-
tides (nt) 1658 to 3021 in pBluescript(-) (Stratagene). Mu-
tations introduced into D1.5G were: dlCore, deletion of nt
2846–2849 that truncates C; dlBulge, deletion of nt 2571–
2576 that removes the bulge of  and blocks binding of P
and encapsidation (Pollack and Ganem, 1994); P-OF, dele-
tion of nucleotide 424 that truncates P after amino acid 84
(Chang et al., 1989); L-(C823A), which creates a stop codon
early in the preS region (Ishikawa and Ganem, 1995); and
S-(T1285C), which destroys the S ATG (Ishikawa and Ga-
nem, 1995). pCMV-DPol contains DHBV nt 170–3021
under direction of the CMV promoter in pCDNA3.1-Zeo
(Invitrogen). It expresses P with a P2A mutation resulting
from optimization of the Kozak (1991) sequence. This mu-
tation does not affect RNA binding or DNA priming in vitro
(data not shown).
Cell culture, transfection, and infection
LMH cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM)/F12 supplemented with 10% fetal
bovine serum (FBS) and were transfected with FuGene 6
(Roche) as recommended by the manufacturer. PDH were
seeded in six-well plates and maintained at 37°C in 5% CO2
in William’s medium E supplemented with gentamicin (50
g/ml), L-glutamine (2.25 mM), glucose (0.06%), Hepes
(23 mM, pH7.4), hydrocortisone (4.8 g/ml), inosine (1
g/ml), penicillin (50 IU/ml), streptomycin (50 g/ml), and
dimethyl sulfoxide (1.7%). PDH cells were infected as de-
scribed (Breiner et al., 2001). Immunofluorescence with
anti-core antibodies at Day 5 postinfection revealed that
approximately 10% of the cells were infected. Following
infection, the medium was supplemented with neutralizing
anti-DHBV antibodies to prevent cell-to-cell spread of the
virus. Newly hatched ducklings were infected intravenously
with DHBV and viral titers were determined by dot-blot
hybridization against a plasmid DNA standard.
Lysate preparation, Western blotting and
immunoprecipitation
LMH cells were lysed in 0.75X or 1X RIPA (1X is 20
mM Tris, pH 7.2, 1% sodium deoxycholate, 1% Triton
X-100, 0.1% SDS, 150 mM NaCl) containing 1 mM phe-
nylmethylsulfonyl fluoride and 3 g/ml leupeptin on ice for
10 min, and the lysates were clarified at 14,000g for 10 min
at 4°C. Duck liver samples were extracted at 100 mg tis-
sue/ml with 100 mM Tris, 10 mM EDTA, 0.1% -mercap-
toethanol, and 1% SDS. PDH were lysed in 2x Laemmli
sample buffer.
For immunoprecipitation, cells were labeled with 120
Ci [35S]methionine/cysteine (1175 Ci/mMol; EasyTag Ex-
press, PerkinElmer Life Sciences) in methionine/cysteine-
free DMEM with 1% FBS. Cells were labeled for 15 min
(for P) or for 60 min (for C), and then the cultures were
immediately placed on an ice-water slurry and lysed as
described above. Antibodies were bound to protein A/G
agarose (Oncogene Research Products) and incubated with
lysates at 4°C overnight. Immunocomplexes were washed
three times with 1 ml 0.75  RIPA and proteins were
released with Laemmli buffer. Samples were resolved by
SDS–PAGE and detected by phosphorimage analysis.
For Western blotting, proteins were resolved by SDS–
PAGE and transferred to membranes [Immobilon-P (Milli-
pore) for P and Optitran Nitrocellulose (Schleicher and
Schuell) for C]. P was detected with anti-DTP3His mono-
clonal antibody mAb9 and C was detected with anti-C
rabbit polyclonal antibodies. Following incubation with the
appropriate IgG–alkaline phosphatase conjugate (Promega),
P and C were visualized by incubation with NBT and BCIP
(Promega) according to the manufacturer’s instructions.
Western blots were quantitated on an Alpha Innotech 8000
Imaging System. Nonlinearity in the Western detection of
the proteins was corrected by running a standard curve of P-
or C-containing lysates on each gel, fitting the standard
curve samples to a second-order polynomial (average cor-
relation coefficient 0.963  0.031), and using this equation
to correct the values for P and C. Each sample was quan-
titated from at least two Western blots.
Isolation of core particles, endogenous polymerase assay,
and Northern blots
Core particles were isolated by detergent lysis and sed-
imentation through a sucrose step gradient as described
(Tavis et al., 1998). Core particles were detected by the
endogenous polymerase assay using reaction conditions de-
scribed (Tavis and Ganem, 1996). Viral DNAs were then
isolated by proteinase K digestion, phenol and chloroform
extraction, and ethanol precipitation. Radioactive DNAs
were resolved by agarose electrophoresis and detected by
phosphorimage analysis. RNA was extracted from LMH
cultures with Tri Reagent (Molecular Research Center,
Inc.), and Northern blots were performed as described (Ta-
vis and Ganem, 1996) on whole-cell RNA from equal frac-
tions of the cultures, and were probed with 32P-labeled
full-length DHBV DNA probes.
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